Anthocyanins are known to have antioxidant activities. Their accumulation can be triggered by many chemical and environmental factors, including reactive oxygen species (ROS). However, the mechanism of ROS-induced anthocyanin accumulation and the role of anthocyanins in the response of Arabidopsis (Arabidopsis thaliana) to different stresses are largely unknown. Here, we study the cross-regulation between ROS and anthocyanin production. Ten Arabidopsis mutants covering the main anthocyanin regulatory and biosynthetic genes are systematically analyzed under ROS-generating stresses. We find that ROS triggers anthocyanin accumulation by up-regulating the anthocyanin late biosynthetic and the corresponding regulatory genes. The anthocyanin-deficient mutants have more endogenous ROS and are more sensitive to ROS-generating stresses while having decreased antioxidant capacity. Supplementation with cyanidin makes them less susceptible to ROS, with increased anthocyanin and reduced ROS accumulation. In contrast, pap1-D, which overaccumulates anthocyanins, shows the opposite responses. Gene expression analysis reveals that photosynthetic capacity is more impaired in anthocyanin-deficient mutants under highlight stress. Expression levels of ROS-scavenging enzyme genes are not correlated with the radical-scavenging activity in different mutants. We conclude that ROS are an important source signal to induce anthocyanin accumulation by up-regulating late biosynthetic and the corresponding regulatory genes and, as a feed-back regulation, anthocyanins modulate the ROS level and the sensitivity to ROS-generating stresses in maintaining photosynthetic capacity.
Introduction
Anthocyanins are water-soluble pigments mainly concentrated in flowers and ripening fruits, and in variable amounts in leaves and stems (Jaakola 2013 , Zhang et al. 2014 . In Arabidopsis, anthocyanins accumulate mostly in leaves and stems in an environment-dependent fashion (Gou et al. 2011) . Cyanidin derivatives produced via glycosylation are the major forms of anthocyanins found in mature Arabidopsis plants (Bloor and Abrahams 2002) . The biosynthesis of anthocyanins via flavonoids is one of the best-studied metabolic pathways in plants (Xu et al. 2015) . Most of the genes involved in anthocyanin synthesis were originally identified based on the analysis of mutants deficient in seed coat pigmentation, the so-called transparent testa (tt) mutants (Shirley et al. 1992) . Generally, the genes involved in anthocyanin synthesis are in two groups: early biosynthetic genes, which form the precursors for anthocyanin; and late biosynthetic genes, which are the downstream genes of this pathway (Lepiniec et al. 2006 , Owens et al. 2008 , Jaakola 2013 , Zhang et al. 2014 .
Recent studies have revealed many aspects of the transcriptional regulation of anthocyanin biosynthesis. In Arabidopsis, three groups of transcription regulators that form complexes have been identified (Broun 2005 , Xu et al. 2015 . The first group consists of MYB transcription factors, such as PRODUCTION OF ANTHOCYANIN PIGMENTATION 1 (PAP1; MYB75), PAP2 (MYB90), MYB113 and MYB114, which are positive regulators of anthocyanin synthesis (Borevitz et al. 2000 , Gonzalez et al. 2008 . The second group involves three partially redundant basic helix-loop-helix (bHLH) transcription factors TT8, GLABRA 3 (GL3) and ENHANCER OF GLABRA 3 (EGL3), the mutants of which lead to anthocyanin deficiency (Zhang et al. 2003) . The last group is a single WD40-repeat-containing protein, TRANSPARENT TESTA GLABRA 1 (TTG1), which forms complexes with MYB and bHLH proteins (called the MBW complex) to regulate anthocyanin synthesis positively (Walker 1999 , Zhang et al. 2003 . Recently, some negative regulators of anthocyanin synthesis affecting the stability or competing with components of the MBW complex have been reported. For example, the transcription factors SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9) and CAPRICE (CPC) are negative regulators by competing with PAP1 for the binding to TT8 and TTG1 (Zhu et al. 2009 , Gou et al. 2011 ). In addition, some transcription factors regulate anthocyanin synthesis in response to external signals. For instance, MYBL2 represses anthocyanin accumulation in the dark by competing with PAP1 (Dubos et al. 2008 , Matsui et al. 2008 . Recently, MYBL2 was proved to act downstream of DELLA protein and mediate DELLA-promoted anthocyanin biosynthesis (Xie et al. 2016) . Another group of transcription factors, LBD37, LBD38 and LBD39, represses anthocyanin accumulation in response to low nitrogen conditions (Rubin et al. 2009) .
A number of developmental and environmental factors trigger the accumulation of anthocyanins, such as senescence (Hoch et al. 2001) , hormones (Loreti et al. 2008 , Peng et al. 2011 , T. Li et al. 2014 , UV (Bieza 2001) , high light (HL), heat, cold, drought, salinity stresses, nutrient deficiency, chemicals and pathogen infection. Anthocyanins are believed to provide protection under these stresses (Rolland et al. 2006 , Catala et al. 2011 , Fei et al. 2014 , Y. Li et al. 2014 , Nakabayashi et al. 2014 , Shi and Xie 2014 , and anthocyanin-deficient mutants display different growth responses under some chronic stresses as well as under non-stress conditions (Li et al. 1993 , Misyura et al. 2013 .
Reactive oxygen species (ROS) are unavoidable by-products of cellular metabolism and are important signaling molecules (Apel and Hirt 2004, Moller et al. 2007 ). ROS homeostasis is maintained at a low level under normal growth conditions. However, the homeostasis can be disrupted by environmental stimuli, resulting in a build up of ROS (Sharma et al. 2012) . Excess ROS accumulation leads to membrane oxidation and disruption of the photosystems, resulting in severe cellular damage (Mittler 2002 , Vranova 2002 (Bowler et al. 1992 , Willekens et al. 1995 , Willekens et al. 1997 ). In addition, many non-enzymatic components such as ascorbate, glutathione, carotenoids, tocopherols and phenolic compound (including flavonoids and anthocyanins) serve as antioxidants and contribute to the protection against ROS (Rice-Evans et al. 1997 , Halliwell 2006 . Previous studies have revealed that the build up of anthocyanins could extend the shelf life of tomato during ripening and mold infection (Zhang et al. 2013 , Zhang et al. 2015 . PAP1 activation-tagged Arabidopsis plants, which accumulate anthocyanin even under normal growth conditions, showed enhanced tolerance against drought stress (Nakabayashi et al. 2014) .
Since the production of anthocyanins is markedly increased under a variety of environmental stress conditions, each of which in turn can cause cellular oxidative stress, we hypothesized that ROS accumulation is one of the source signals leading to the accumulation of anthocyanins under various stresses.
In this work, we tested this hypothesis and analyzed whether the accumulation of anthocyanins is important to modulate the damage triggered by excess cellular ROS through a systematic investigation of the response of anthocyanin mutants to ROS or other abiotic stresses.
Ten anthocyanin mutants covering the main anthocyanin regulatory and biosynthetic genes were evaluated under oxidative, HL and cold stress at different growth stages. We used paraquat and 3-amino-1,2,4-triazole (3-AT) to induce oxidative stress for young seedlings as both treatments enhance endogenous levels of O 2 À and H 2 O 2 . HL (900 mmol m -2 s -1
) and cold (4 C) were chosen for adult plants as acute and chronic ROS-generating stresses, respectively. By analyzing the phenotype, quantifying the physiological responses and analyzing gene expression levels, our data suggest that ROS trigger the accumulation of anthocyanins under stress by up-regulating the anthocyanin late biosynthetic and regulatory genes, and, in turn, the ROS-scavenging role of anthocyanins prevents Chl loss and helps in maintaining photosynthetic capacity to aid plant survival during stress.
Results

Superoxide (O 2 À ) and hydrogen peroxide (H 2 O 2 ) trigger anthocyanin accumulation
To investigate the role of ROS in anthocyanin accumulation, Arabidopsis Col-0 wild-type (WT) seedlings were transferred to half-strength Murashige and Skoog (MS) medium containing different concentrations of paraquat (an O 2 À -generating chemical) or 3-AT (a CAT inhibitor, thus triggering accumulation of H 2 O 2 ). After 5 d, nitroblue tetrazolium chloride (NBT) and 3,3 0 -diaminobenzidine (DAB) staining were performed to determine the relative abundance of O 2 À and H 2 O 2 in vivo. The endogenous levels of O 2 À and H 2 O 2 were significantly increased under both treatments compared with control seedlings (Fig. 1A, B) . In addition, a significant accumulation of anthocyanin was observed in the seedlings treated with paraquat or 3-AT, with increases of about 15-and 5-fold for the paraquat and 3-AT treatments, respectively (Fig. 1C, D) . The relative expression levels of different anthocyanin regulatory and biosynthetic genes ( Fig. 2) were quantified after 48 h of treatment with paraquat or 3-AT. Among the three key transcriptional regulators (PAP1, TT8, and TTG1) ( Fig. 2A) , PAP1 and TT8 were significantly up-regulated (Fig. 1F, G) . The expression of PAP2 was increased similarly to PAP1, but the expression levels of TTG1 and two homologs of TT8 (GL3 and EGL3) were not up-regulated ( Supplementary Fig. S1D , E), indicating that the activation of the TT8 gene is sufficient to trigger anthocyanin accumulation in the early response stage towards ROS, and the TTG1 gene is not involved in this response. The expression levels of MYB11, MYB12, MYB111, MYB113 and MYB114, positive regulators of anthocyanin biosynthesis (Guo et al. 2014) (Fig. 2A) , varied to different extents ( Supplementary Fig. S1D , E). Two late biosynthetic genes, TT3 and TT18 (Fig. 2B) , were also up-regulated dramatically (Fig. 1F, G) , and this is well correlated with the expression of their regulatory genes, PAP1, TT8, MYB113 and MYB114 (Fig. 1F, G ; Supplementary Fig. S1D, E) . Most of the early biosynthetic genes (TT4, TT5, TT6 and TT7) (Fig. 2B) were not up-regulated (Fig. 1F, G) , and the expression of their regulatory genes, MYB12 and MYB111, was not significantly changed ( Supplementary Fig. S1D, E) . Moreover, the expression of TT19, which encodes a facilitator of the anthocyanin transporter, increased (Fig. 1F, G) . In addition, a reduction of Chl content was observed after treatment with paraquat or 3-AT for 5 d (Fig. 1C, E) . Expression of two chloroplast protein genes, NYE1 and PPH1, which function in Chl breakdown (Ren et al. 2007 , Schelbert et al. 2009 ), was up-regulated after 48 h treatment with paraquat or 3-AT. This suggests that the degradation of Chl had been initiated after 48 h treatment with paraquat or 3-AT even though the loss of Chl is not yet observed at this point in time (Fig. 1F, G) . Together, these results indicate that ROS trigger the accumulation of anthocyanins by activating the expression of late biosynthetic genes and their regulatory genes.
Anthocyanin-deficient mutants are sensitive to ROS
In order to investigate the sensitivity of anthocyanin mutants to ROS, mutants of three key transcription factors that regulate anthocyanin biosynthetic genes [tt8-6, ttg1-22 and production of anthocyanin pigmentation 1-Dominant (pap1-D)], six biosynthetic mutants which cover each main step of anthocyanin biosynthesis (tt4-11, tt5-2, tt6-3, tt7-5, tt3 and tt18) and one mutant for the anthocyanin transporter facilitator (tt19-8) were subjected to various concentrations of paraquat or 3-AT for different periods. Each tt mutant is a loss-of-function mutant (Bowerman et al. 2012 , Appelhagen et al. 2014 ) whereas pap1-D is a gain-of-function mutant (Borevitz et al. 2000) . The sensitivity was recorded by counting the number of seedlings showing chlorosis. After treatment for 5 d, most of the tt mutants displayed higher sensitivity to paraquat and 3-AT to varying extents when compared with the WT (Fig. 3A, B ; Supplementary Fig. S2 ). In addition, the trend of sensitivity remained similar in longer treatments of 10 and 21 d ( Supplementary Figs. S3, S4 ). The tt3, tt5-11, tt7-5, tt8-6 and ttg1-22 mutants show the most sensitivity to ROS. Although tt18 seedlings did not show more chlorosis than the WT after treatments for 5 or 10 d, their growth was significantly repressed compared with the WT (Fig. 3A, B ; Supplementary  Fig. S3A , B) and their sensitivity is significantly increased with longer treatment of 21 d (Supplementary Figs. S3A, C, S4A, B) . The sensitivity of tt6-3 is significantly increased under a high dose of paraquat (0.5 mM) and longer treatment (21 d). In contrast, the sensitivity of tt19-8 to ROS is mostly not significantly changed compared with the WT ( 
Anthocyanin-deficient mutants accumulate more ROS in vivo
Based on our hypothesis, anthocyanin-deficient mutants may have more endogenous ROS. To confirm this, 4-day-old seedlings under 0.1 mM paraquat or 15 mM 3-AT were subjected to DAB or NBT staining to determine the accumulation of H 2 O 2 and O 2 À , respectively. The staining results clearly showed that anthocyanin-deficient mutants accumulated more endogenous H 2 O 2 and O 2 À compared with the WT, not only under oxidative stresses, but also under control conditions ( Fig. 3C, E ; Supplementary Fig. S5A , C). In contrast, the pap1-D mutant, which overaccumulates anthocyanins, did not show increased ROS accumulation compared with the WT (Fig. 3C , E). Quantification of the H 2 O 2 content by utilizing a hydrogen peroxide assay kit and the O 2 À content by analyzing the staining intensity provided more accurate evidence for ROS accumulation in those mutants ( Fig. 3D, F ; Supplementary Fig. S5B , D). These results explained the sensitivity of these mutants to ROS.
Cyanidin supplementation reverses the hypersensitivity to ROS in the tt mutants
To confirm the role of anthocyanins in defending against ROS, the common anthocyanin precursor cyanidin ( Fig. 2B ) was supplemented (400 mM cyanidin chloride) to the medium along with 0.25 mM paraquat or 15 mM 3-AT. The tt4-11, tt5-2, tt7-5, tt8-6 and ttg1-22 mutants were selected as representative mutant lines as they exhibited the most sensitive response to paraquat and 3-AT ( Fig. 3 ; Supplementary Figs . S2-S4). In the presence of cyanidin, the sensitivity of all the tt mutants to ROS was significantly reduced (Fig. 4A-D ) and anthocyanin accumulation was increased in each genotype (Fig. 4E, F) . In addition, both H 2 O 2 and O 2 À accumulation was dramatically reduced in each genotype in the presence of cyanidin (Fig. 4G, H) . This in vivo complementation assay points to the role of anthocyanins as important protectants against ROS and provides further evidence for the role of anthocyanin in modulating the in vivo ROS level to reduce the damage caused by ROS.
Anthocyanin-deficient mutants are sensitive to high light stress
Abiotic stress conditions such as drought, cold, salinity and HL are known to trigger the ROS production in plants (Fini et al. 2011) . Given the different sensitivities of anthocyanin mutants to ROS-inducing chemicals, the response of these mutants to HL or cold stress when grown in soil was examined. HL is a strong ROS-generating stress in plant. After 5 d of HL stress, most of the tt mutants showed a senescence phenotype with leaves turning yellow, whereas the pap1-D plants turned purple due to the dramatic accumulation of anthocyanins. tt8-6, an anthocyanin regulatory gene mutant, which is defective in anthocyanin accumulation under control conditions (Fig. 5D ), significantly increased anthocyanin levels under HL stress ( Fig. 5A ; Supplementary Fig. S6A ). HL greatly reduced the Chl levels in all genotypes to different extents compared with control conditions, and the Chl reduction rate of most of the anthocyanin-defective mutants was higher than that of the WT ( Fig. 5B, C ; Supplementary  Fig. S6B, C) . Remarkably, the tt8-6 and pap1-D mutants, which accumulate comparable or significantly higher levels of anthocyanins than the WT, respectively, retained more Chl, with a lower Chl reduction compared with the WT (Fig. 5B,  C) . In addition, the anthocyanin content of all genotypes increased under HL stress compared with control conditions, especially the pap1-D mutant, which had around 3-fold more than that present in the WT. However, the anthocyanin content of the rest of the tt mutants, except for that of tt8-6, were much lower than in the WT ( Fig. 5D; Supplementary Fig.  S6D ). After HL stress for 2 weeks, the Chl level in each (E) representing the amount of superoxide radical by image analysis using ImageJ. Over 15 seedlings were analyzed for each genotype. Experiments were repeated five times and similar results were obtained. In (B), no statistical data for plants under control conditions (1/2 MS) are shown because the sensitivity rate of all genotypes is 0% at this time. Data represent the means ± SD. The Student's t-test analysis indicates a significant difference (compared with the WT, *P < 0.05; **P < 0.01). n.s. means not significant. genotype was significantly decreased compared with the plants under control conditions ( Supplementary Fig. S7A , B). However, both Chl and anthocyanin pigments showed a similar trend compared with those after 5 d of HL, including a lower Chl reduction rate in tt8-6 and pap1-D compared with the WT (Supplementary Fig. S7 ). These results indicate that anthocyanin-defective mutants are more sensitive, whereas the mutants that accumulate high levels of anthocyanin are more tolerant to HL stress than the WT.
Anthocyanin-deficient mutants are sensitive to cold stress
The effect of anthocyanin accumulation on plant growth and survival was also determined during cold stress. In contrast to HL stress, cold stress does not trigger a quick response in terms of senescence. After cold treatment for 5 d, no obvious symptom of senescence was observed in any genotype, although the growth of all plants was inhibited ( Fig. 5A; Supplementary Fig. S6A ). However, the accumulation of anthocyanins was increased when comparing the plants under control conditions, especially in the WT, tt8-6 and pap1-D (Fig. 5A, D; Supplementary Fig. S6A,  D) . In addition, the Chl status showed a similar pattern to that under HL stress and although the Chl decrease was not as great for cold stress, there was a significant reduction in some of the genotypes. In contrast, tt8-6, in which the anthocyanin level was similar to that of the WT, and pap1-D, which accumulated more anthocyanin than the WT (Fig. 5A, D) , showed no reduction in Chl content compared with the WT (Fig. 5B, C ; Supplementary  Fig. S6B, C) . After 6 weeks of cold stress, anthocyanin accumulation was further enhanced in all genotypes. Mutants that accumulate a comparable or higher level of anthocyanins had more Chl than the WT, whereas mutants that are defective in anthocyanin accumulation were more vulnerable to long-term cold stress than the WT ( Supplementary Fig. S7A , E). It should be noted that plants growing in control conditions had already finished their life cycle at this point in time, whereas plants under cold treatment were still at the flowering stage due to the substantial delay in growth and development ( Supplementary Fig. S7A ). Together, data from the HL and cold treatments, provide further evidence that anthocyanins have a protective role in plants' response to ROS-generating stresses. 
Anthocyanin-deficient mutants are impaired in scavenging radicals under stress conditions
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was performed to evaluate the radical-scavenging activity in the anthocyanin mutants. Under control conditions, DPPH-scavenging activity was not significantly different between the WT and anthocyanin mutants, except in the pap1-D mutant, which has more anthocyanins and in turn has higher scavenging activity than the WT ( Fig. 5E; Supplementary Fig. S6E ). After 5 d of HL or cold stress, anthocyanin-defective mutants showed less DPPHscavenging activity compared with that seen in the WT. However, the DPPH-scavenging activity of pap1-D was significantly increased compared with the WT. Under HL stress, the DPPH-scavenging activity of tt8-6 and tt19-8 was not significantly decreased compared with the WT, which is probably due to their ability to accumulate anthocyanin under stress ( Fig. 5E; Supplementary Fig. S6E ). Results from this assay confirmed the radical-scavenging role of anthocyanins in protecting plants against the overaccumulation of ROS during stress.
Expression of the ROS-scavenging genes is not correlated with the radical-scavenging activities in the mutant lines and wild type With the observed difference of radical-scavenging activity in the anthocyanin mutants, it was of interest to determine whether the expression of the genes encoding ROS-scavenging enzymes were down-regulated in the anthocyanin-deficient mutants and up-regulated in the pap1-D mutant. To test this, using the tt3, tt5-2, ttg1-22 and pap1-D mutants as representatives, the expression of CSD2, MSD1 and FSD2 representing SOD genes as well as sAPX and CAT3 representing genes for H 2 O 2 -scavenging enzymes were determined under control and HL conditions. Although the expression of CSD2 was up-regulated in the pap1-D plants under HL, other genes did not show expression differences between the WT and the mutants ( Fig. 6C, D; Supplementary Fig. S8B ). In fact, some observed differences were opposite to what one would expect if these changes were to explain the level of ROS sensitivity. For example, CSD2 was up-regulated in the tt5-2 mutant under HL and CAT3 was up-regulated in the ttg1-22 mutant under HL ( Fig. 6C, D; Supplementary Fig. S8B ). Results presented here indicate that the expression of ROS-scavenging genes does not correlate with the differences in radical-scavenging activity in the anthocyanin mutants tested. This suggests that the decreased radical-scavenging activity in anthocyanin-defective mutants is instead caused by anthocyanin deficiency.
Gene expression analysis revealed that Chl maintenance and photosynthetic capacity are reduced in anthocyanin-deficient mutants under HL stress
The Chl biosynthetic gene protochlorophyllide oxidoreductase B (PORB), which is expressed throughout most development stages (Dong et al. 2007 ), was highly down-regulated under HL stress in all genotypes when compared with control conditions (Fig. 6A) . Although PORB had lower expression in the tt5-2 and ttg1-22 plants than in the WT under control conditions, its expression in these two mutants was not changed but, in contrast, was up-regulated in the pap1-D mutant under HL condition compared with the WT (Fig. 6A) . The expression of NON-YELLOWING 1 (NYE1), a Chl degradation gene, was up-regulated in both tt5-2 and ttg1-22 mutants but was not significantly changed in pap1-D (Fig. 6A) . The large down-regulation of LIGHT-HARVESTING CHLOROPHYLL A/B-PROTEIN 1.3 (LHCB1.3) by HL in each genotype indicated a significant reduction of photosynthetic capacity. However, its expression was more down-regulated in the tt5-2 and ttg1-22 mutants and upregulated in pap1-D. RBCS1A and RBCS3B, two major Rubisco small subunit genes (Izumi et al. 2012) , showed a similar expression pattern to LHCB1.3 (Fig. 6B) . Under control conditions, the expression of PORB and LHCB1.3 in the tt3 mutant was higher than in the Ler background WT ( Supplementary Fig. S8A ), which was correlated with the observation that the Chl level of the tt3 mutant was higher than that of the WT under control conditions ( Supplementary Figs. S6B, S7B ). However, under HL conditions, the expression of these Chl and photosynthetic genes in the tt3 mutant was not significantly changed compared with the WT, indicating a significant down-regulation of these two genes in the tt3 mutant after the transition from control to HL conditions compared with the WT. These results suggest that anthocyanin accumulation may play a role in maintaining the Chl level and photosynthetic capacity as one of the protection mechanism under stress.
GL3 but not EGL3 is necessary for anthocyanin accumulation under stress conditions
As noted above, the tt8-6 line is able to accumulate anthocyanin and showed less Chl reduction and no reduction in the radical-scavenging activity under stress conditions compared with the other tt mutants ( Fig. 5; Supplementary Fig. S7 ). This is not surprising due to the existence of the other two functionally redundant genes GL3 and EGL3. Through gene expression analysis, we found that under control conditions, expression of GL3 and EGL3 was slightly down-regulated or remained similar in the tt8-6 mutant compared with the WT, while the expression of TT3 was dramatically inhibited (Fig. 7) , which is consistent with the previous report that the TT8 gene is required for the normal expression of TT3 (Nesi et al. 2000) . Interestingly, under HL and cold stresses, TT3 was dramatically up-regulated in both the WT and the tt8-6 mutant, and the expression of TT3 correlated well with the expression of GL3 (Fig. 7) . However, expression of EGL3 was not up-regulated but decreased in both the WT and the tt8-6 mutant under HL (Fig. 7) . These data suggest that GL3 but not EGL3 is able partially to compensate the loss of function of TT8 and is necessary for anthocyanin accumulation under stress conditions.
Discussion
Food extracts with high levels of flavonoids including anthocyanins have been shown to have increased levels of antioxidant activity and potentially to have positive human health implications (Wuguo et al. 1997 , Tsuda et al. 2003 , Proestos et al. 2006 , Wang and Stoner 2008 . In tomato, a recent study reported that the antioxidant activity of different flavonoids is mainly contributed by the -OH groups in their Bring (Zhang et al. 2015) . In addition, the production of anthocyanins in plants is induced by many environmental factors that generate ROS (Rolland et al. 2006 , Catala et al. 2011 , Fei et al. 2014 , Y. Li et al. 2014 , Nakabayashi et al. 2014 , Shi and Xie 2014 . Therefore, we were interested in studying the cross-regulation between ROS and anthocyanins. In this study, Arabidopsis mutants with varying anthocyanin levels were utilized to demonstrate how ROS affects anthocyanin accumulation and how anthocyanins in turn function as ROS scavengers to protect plants against stress.
ROS are important source signals to trigger anthocyanin accumulation
The production of O 2 À and H 2 O 2 was shown here as an important signal in the production of anthocyanins (Figs. 1, 8 ; Supplementary Fig. S1 ). Young seedlings subjected to low doses of ROS-inducing chemicals showed a dramatic increase in anthocyanin production (Fig. 1A, B) . ROS are by-products of plant metabolism and they have been shown to serve as important signaling molecules for many processes involved in plant growth, development and stress responses (Mühlenbock et al. 2001 , Gechev et al. 2006 , Reczek and Chandel 2015 . Expression of the main transcription factors and biosynthetic genes involved in the anthocyanin pathway was evaluated in WT plants subjected to short-term ROS stress. For the main regulatory genes encoding components of the MBW complex, the expression of TT8, PAP1 and PAP2 increased after paraquat or 3-AT treatment, while only the expression of TTG1 was unchanged ( Fig. 1F, G; Supplementary Fig. S1D, E) , suggesting that TTG1 is not responsible for, at least, the early response to ROS. A similar result was reported in a study of a CAT mutant subjected to a HL condition (Vanderauwera et al. 2005) . With regards to expression of the anthocyanin biosynthetic genes, those late biosynthetic genes but not early biosynthetic genes (Fig. 2B) were significantly up-regulated by paraquat or 3-AT treatment (Fig. 1F, G) , suggesting that late biosynthetic genes are the main effectors in the early response to ROS. In addition, the expression levels of some MYB transcription factors, which are positive regulators of anthocyanin biosynthesis (Guo et al. 2014) , varied to different extents ( Supplementary Fig. S1D, E) . MYB transcription factor genes PAP1, PAP2, MYB113 and MYB114 positively regulate anthocyanin accumulation by activating the late biosynthetic genes such as TT3 and TT18 (Mathews et al. 2003 , Gonzalez et al. 2008 (Fig. 2A) , whereas MYB11, MYB12 and MYB111 regulate the early biosynthetic genes TT4, TT5 and TT6 (Stracke et al. 2007 ) (Fig. 2B) . The anthocyanin biosynthetic genes showed a similar expression pattern to that of their corresponding regulatory genes ( Fig. 1F, G; Supplementary Fig. S1D, E) . This suggests that the ROS-dependent signaling in anthocyanin accumulation (Fig. S9) up-regulates the expression of TT8, PAP1, PAP2, MYB113 and MYB114, and consequently induces the expression of the late biosynthetic genes.
Anthocyanin content is correlated with ROS level, the sensitivity to stress and the antioxidant capacity in Arabidopsis
In order to understand the role of anthocyanins in modulating the in vivo ROS level, Arabidopsis anthocyanin mutants with various anthocyanin levels were analyzed. Anthocyanin-deficient mutants were more sensitive to ROS ( Fig. 3 ; Supplementary Figs. S2-S4 ) and ROS-generating stresses such as HL and cold ( Fig. 5; Supplementary Figs. S6, S7 ). In contrast, the pap1-D mutant, having an excess of anthocyanins, showed less sensitivity to these stresses than the WT. To confirm further the protective role of anthocyanin against ROS, we devised a novel assay by supplementing cyanidin (the common backbone of anthocyanins, Fig. 2B ) into the growth medium containing ROS-generating chemicals to investigate whether the susceptibility of anthocyanin-deficient mutants to ROS could be reduced. The results clearly showed that the sensitivity of the tt mutants to ROS was significantly reduced with supplementation of cyanidin chloride (Fig. 4A-D) . Because plants only experience ROS production (triggered by paraquat or 3-AT) inside their tissues, the reduced sensitivity rate to these chemical agents indicates that plants could absorb cyanidin chloride to modulate endogenous ROS and reduce the damage cause by ROS, which is confirmed by the increased anthocyanin accumulation (Fig. 4E, F) and the reduced ROS accumulation in the cotyledon (Fig. 4G, H) . Another type of final products of the flavonoid pathway, proanthocyanidins, which specifically accumulate in the seed coat, could improve Arabidopsis seed germination under paraquat treatment and exogenous supplementation of proanthocyanidins could recover the delayed seed germination in proanthocyanidin-deficient mutants (Jia et al. 2012) .
In vivo accumulation of ROS may cause the hypersensitivity of the anthocyanin-defective mutants to stresses. Both staining and quantification methods confirmed that anthocyanin-defective mutants have higher levels of O 2 À and H 2 O 2 in vivo than the WT, whereas the pap1-D mutant did not show increased ROS levels ( Fig. 3C-F; Supplementary Fig. S5 ). The pap1-D mutant has significantly higher radical-scavenging activity than the WT, whereas the anthocyanin-defective mutants showed decreased radical-scavenging activity during HL or cold treatment compared with the WT (Fig. 5; Supplementary Fig. S6 ). The radicalscavenging activity of ttg1-22 under HL and cold conditions was not decreased to the same extent that the decrease in its anthocyanin level might lead one to expect (Fig. 5D, E) . The existence of higher levels of DPPH-scavenging activity in this mutant is probably due to the presence of other antioxidants such as other flavonols, given their presence in the ttg1-22 mutant as shown previously (Appelhagen et al. 2014) . The radical-scavenging activity of tt8-6 was not significantly changed compared with the WT, which, given its ability to accumulate anthocyanin under stress conditions, is not surprising (Fig. 5) . This evidence suggests that accumulation of anthocyanin prevents the in vivo build up of ROS, with the most likely explanation being that they function as antioxidants in vivo as they have been shown to do in vitro. It was reported that the pap1-D mutant had enhanced tolerance to drought stress in Arabidopsis (Nakabayashi et al. 2014) . Another study in tomato revealed that the enriched flavonoids in purple tomato could reduce the susceptibility to mold infection, and the H 2 O 2 production after mold inoculation in purple tomato was significantly reduced compared with that seen in red tomato, thus leading to the delayed over-ripening and prolonged shelf life (Zhang et al. 2013) .
Antioxidant enzymes play critical roles in maintaining in vivo ROS homeostasis (Bowler et al. 1992 , Willekens et al. 1995 , Willekens et al. 1997 ). However, we did not observe expression differences of ROS-scavenging enzyme genes between the WT and the mutants that correlate with the level of ROS sensitivity (Fig. 6C, D; Supplementary Fig. S8B ). This provides more evidence for the contribution of anthocyanin in terms of the sensitivity to stresses in the mutants tested.
Anthocyanin accumulation is associated with Chl content and the expression of Chl-and photosynthetic-related genes
The photoprotective role of flavonoids has been hypothesized to screen for direct radiation damage, thus protecting chloroplasts from being destroyed by excess light (Havaux and Kloppstech 2001) . Under normal light conditions, the anthocyanin content is maintained at a low level and is not likely to affect Chl homeostasis ( Fig. 5B, D ; Supplementary Fig. S6A, D) . Previously, several tt mutants subjected to nitrogen limitation and moderate HL (400 mmol m -2 s -1
) presented no correlation between Chl and anthocyanin content, and Chl catabolism was not affected by anthocyanin deficiency (Misyura et al. 2013 ). However, under the very HL condition used in the present study (900 mmol m -2 s -1 ), the level of anthocyanin was associated with the reduction in Chl. After HL or cold treatment for 5 d, Chl levels decreased in all genotypes, though mutants with less anthocyanin were likely to lose more Chl. In contrast, the tt8-6 mutant, which accumulates a level of anthocyanin comparable with the WT, and the anthocyanin overaccumulator pap1-D retained more Chl under HL ( Fig. 5A-D ; Supplementary Figs . S6A-D, S7A-E). Similar trends were also observed for longer term treatments ( Supplementary Fig. S7 ). The reduced Chl accumulation in anthocyanin-defective mutants compared with the WT under HL was found to be associated with decreased expression of photosynthesis-associated genes and increased expression of the Chl catabolism gene, NYE-1. In addition, the opposite expression pattern of these genes in the pap1-D mutant provided more evidence for this association ( Fig. 6A, B; Supplementary Fig. S8A ). Thus, overaccumulation of anthocyanin under stress conditions is associated with the maintenance of Chl and photosynthetic capacity.
As mentioned above, the tt8-6 mutant is able to accumulate anthocyanins at levels comparable with the WT under stress conditions (Fig. 5D) . Such accumulation of anthocyanin is possibly due to the stress-induced up-regulation of GL3 and EGL3, two homologs of TT8 that are also able to form a functional MBW complex with PAP1 and TTG1 (Xu et al. 2015) . It was reported that GL3 but not EGL3 is responsible for anthocyanin accumulation under nitrogen limitation (Feyissa et al. 2009 ). Here, in the WT, only TT8, but not GL3 and EGL3, was upregulated shortly after ROS stress ( Fig. 1F, G ; Supplementary  Fig. S1D, E) . In contrast, in the tt8-6 mutant, GL3 but not EGL3 was up-regulated under HL and cold stress but not under control conditions (Fig. 7) . This suggests that the complementation of the loss of function of TT8 is, at least partially, fulfilled by GL3 mainly under stress conditions.
In conclusion, this study provides convincing evidence of ROS being important signals in regulating anthocyanin production and that anthocyanins are effective antioxidants that in turn modulate the in vivo ROS level and thus are important for protecting plants against many forms of stress. The sensitivity of the anthocyanin mutants to paraquat and 3-AT and the recovery of the sensitivity with the supplementation of cyanidin supports the hypothesis of the importance of anthocyanins in buffering the in vivo ROS homeostasis to relieve the cellular damage by ROS. Moreover, when grown in soil, the physiological and molecular response of the mature mutant plants to stress clearly indicate that the accumulation of anthocyanins is associated with the Chl content, the expression of Chl-and photosynthetic-related genes as well as the radical-scavenging activity of plants.
Materials and Methods
Plant materials
T-DNA insertion lines of Arabidopsis anthocyanin regulatory and biosynthetic genes were retrieved from Bowerman et al. (2012) and Appelhagen et al. (2014) and obtained from both the Arabidopsis Biology Resource Center (ABRC) and the European Arabidopsis Stock Centre (NASC). Transparent testa (tt) mutants used in this study were tt3 (in the Ler background) (Shirley et al. 1992 ), tt4-11, tt5-2, tt6-3, tt7-5 (Bowerman et al. 2012 ), tt18 (Abrahams et al. 2003 ), tt19-8 (Wangwattana et al. 2008 ), tt8-6 (Rosso et al. 2003 ) and ttg1-22 (Appelhagen et al. 2014) . The knock-out of gene expression or the lack of anthocyanin accumulation of those mutants were also described in these studies. As an anthocyanin overaccumulator, pap1-D, a T-DNA activation line, was used (Borevitz et al. 2000) . The Ler WT background was used to compare with tt3, otherwise Col-0 was used as the control. Homozygous lines were identified and obtained after two generations of selection by the anthocyanin deficiency phenotype in adult plants and by their transparent testa phenotype in the seeds.
Plant treatment and growth conditions
For evaluation of ROS-induced accumulation of anthocyanins, 5-day old WT (Col-0) seedlings were transferred to half-strength (1/2) MS with 0.5 and 1 mM paraquat (24 h light) or 15 and 30 mM 3-AT (16 h:8 h, light:dark) for another 5 d. For anthocyanin gene expression analysis in the WT, 7-day-old WT (Col-0) seedlings were transferred to 1/2 MS with 1 mM paraquat or 30 mM 3-AT under 24 h light for 48 h.
For paraquat and 3-AT treatments, seeds were planted on 1/2 MS containing 0, 0.1, 0.2 and 0.5 mM paraquat as well as 0, 7.5, 10 and 15 mM 3-AT and were then transferred to a 22 C culture room with 24 h light (80-90 mmol m -2 s -1 ) for 5, 10 and 21 d after stratification.
For cyanidin complementation, 400 mM cyanidin chloride was supplemented into the 1/2 MS containing 0.25 mM paraquat or 15 mM 3-AT. Mutants and WT seeds were planted on this medium and were transferred to a 22 C culture room with 24 h light (80-90 mmol m -2 s -1
) for 4 and 8 d of paraquat and 3-AT treatment, respectively.
For ROS-generating stresses, the WT and mutants were planted in Sunshine LA4 soil (Sun Gro Horticulture Ltd.) and were grown in growth chambers (22:18 C, 16 h:8 h, light:dark, 150 mmol m -2 s -1 light density, 60% humidity). HL (900 mmol m -2 s -1 ) or cold (4 C) stresses were applied after 3 weeks.
For different assays, different concentrations of the chemicals were tested and similar results were obtained. However, the concentration of chemicals used in each experiment was selected such that plant growth was not compromised yet the response of plants in terms of oxidative damage was clearly exhibited.
Chl and anthocyanin content quantification
Chl content was determined as described in Arnon (1949) and Porra et al. (1989) . Briefly, ground samples were incubated in the dark at 4 C with 80% acetone. Supernatant was collected and subjected to spectrophotometry to measure the absorbance at 645and 663 nm. Total Chl content was calculated using the formula: 8.05 Â A 663 + 20.29 Â A 645 . This yields Chl in mg l -1 and then was expressed in mg g -1 FW.
Anthocyanin content was determined as described in Jeong et al. (2010) . Briefly, ground samples were incubated in the dark at 4 C with 1% HCl acidified methanol. The pellet and debris were removed and an equal volume of H 2 O and chloroform was added. Supernatant was collected and subjected to spectrophotometry to measure the absorbance at 657 and 530 nm using acidified methanol as blank. Then A 657 is subtracted from A 530 and anthocyanin content is expressed as (A 530 -A 657 ) g -1 FW.
Histological staining detection of ROS
H 2 O 2 and O 2 -were detected as previously described with minor modification (Wang et al. 2015) . Briefly, whole seedlings were transferred into DAB staining solution (for H 2 O 2 detection) containing 1 mg ml -1 DAB, 10 mM Na 2 HPO 4 and 0.05% Tween-20, or NBT staining solution (for O 2 -detection) containing 1 mg ml -1 NBT and 10 mM NaN 3 in 10 mM potassium phosphate buffer. The seedlings were infiltrated and incubated for 6 h in the dark with gentle shaking. Then, staining solution was replaced with bleaching solution (ethanol : acetic acid : glycerol = 3 : 1 : 1) and incubated at 85 C until Chl was completely removed. The seedling were kept in preservative solution (ethanol : glycerol = 4 : 1) until images were taken.
H 2 O 2 content quantification
Plant extract was prepared according to Cha et al. (2015) . Briefly, plant tissue powder was weighed and soaked in 1 ml of 20 mM potassium phosphate buffer (pH 6.5) on ice. The supernatant was transferred and additional potassium phosphate buffer was added to 1.5 ml. The H 2 O 2 concentration was measured using the Amplex Red hydrogen peroxide/peroxidase assay kit (Molecular Probe) by plotting a H 2 O 2 standard curve according to the manufacturer's instructions. A 25 ml aliquot of plant extract was used in each reaction. The H 2 O 2 content in the original extract was calculated and expressed in mM mg -1 FW.
Image analysis of O 2 -staining intensity O 2 -accumulation was quantified by measuring the staining intensity. For each genotype, images of the stained seedlings (>15) were taken under the same scope and analyzed using ImageJ software (http://imagej.nih.gov/ij/). Briefly, original images were transformed into 8-bit images and the black and white were inverted. Then the 'mean gray value' of the cotyledon area was measured. In addition, the average of several background areas (>5) around each seedling was subtracted, resulting in the corrected intensity. Finally, the average intensity of all the seedlings for each genotype was calculated and considered as the relative staining intensity per area (RSIPA).
Determination of radical-scavenging activity
The DPPH radical (Sigma-Aldrich) was used to evaluate the radical-scavenging activity of the mutants under stress conditions. The assay was performed according to Mensor et al. (2001) with modification. Briefly, 100 mg of plant tissue powder was incubated in 1 ml of 100% ethanol at 4 C for 30 min. A 50 ml aliquot of supernatant was diluted with 450 ml of 100% ethanol and then mixed with 500 ml of 100 mM sodium acetate buffer (pH 5.5) and 250 ml of 0.5 mM DPPH (in 100% ethanol). The reaction was incubated at room temperature in the dark for 30 min and the absorbance was measured at 517 nm. The final radical-scavenging activity was calculated using the formula: [(A 0 -A 1 )/A 0 ] Â 100%, where A 0 is the absorbance of DPPH without the plant extract, and A 1 is the absorbance after reaction of DPPH with plant extract.
Gene expression analysis by real-time PCR
Total RNA from three biological replicates of each sample was isolated using Trizol Reagent (Life Technologies). After purification with DNase I (Promega), 1 mg of DNA-free total RNA was reverse transcribed using qScript TM cDNA SuperMix (Quanta Biosciences) according to the manual. The cDNA product was diluted by 10 times and 1 ml was used in real-time PCR. Primers (Supplementary Table S1 ) were designed using Primer Express 3.0 (Applied Biosystems) and real-time PCR was performed using PerfeCta SYBR Green FastMix (Quanta Biosciences) on a ABI 7300 real-time PCR System (Applied Biosystems). The PCR was performed in triplicate for each biological replication. Expression levels were normalized against the expression of the endogenous control gene and calculated using the 2 -ÁÁCt method (Livak and Schmittgen 2001) . For the expression analysis in the WT under paraquat or 3-AT treatments, Arabidopsis UBC21 and ACT8 were used as the internal control. For HL and cold stress, CYCLOPHILIN 5 (CYP5), the expression of which was shown to be unchanged in HL-exposed leaves according to Galvez-Valdivieso et al. (2009) , was used as the internal control. In addition, the expression level of CYP5 was also shown to be unchanged under cold stress according to our observation. All the expression data were presented as a fold change value and were transfored into log2 values for statistical analysis.
Statistical analysis
Student's t-test and one-way analysis of variance (ANOVA) was performed using SPSS software (IBM), and the least significant difference (LSD) method was used for multiple comparison.
Accession numbers
TT3 (At5g42800), tt3 (CS84); TT4 (At5g13930), tt4-11 (SALK_020583); TT5 (At3g55120), tt5-2 (CS300857); TT6 (At3g51240), tt6-3 (SALK_113904); TT7 (At5g07990), tt7-5 (SALK_053394); TT8 (At4g09820), tt8-6 (GK-241D05); TT18 (At4g22880), tt18 (SALK_028793); TT19 (At5g17220), tt19-8 (SALK_105779); TTG1 (At5g24520), ttg1-22 (GK-286A06); PAP1 (At1g56650) and pap1-D (CS3884).
